A partial genomic library of Streptomyces sp. NCIM 2730 was constructed in Eschericlzia coli using pUC8 vector and screened for the presence of the o-glucose/xylose isomerase (GXI) gene using an 18-mer mixed oligonucleotide probe complementary to a highly conserved six-amino acid sequence of GXI from actinomycetes. Eight clones which hybridized with the radiolabelled oligoprobe showed the ability to complement xylose isomerase-defective E. coli mutants. The restriction map of the insert from one (pMSG27) of the eight GXI-positive clones showing detectable GXI activity was constructed. GXIdeficient strains of E. coli were able to utilize xylose as the sole carbon source for their growth upon transformation with pMSG27. E. coli JM105 (pMSG27) and E. coli JC1553 (pMSG27) were inducible by IPTG suggesting that the expression of the cloned gene was under the control of the 1ucZ promoter. Western blot analysis revealed that the cloned gene is expressed as a fusion protein of M, 110. This is the first report of expression of a catalytically active GXI from Streptomyces in Escherichia coli.
Introduction
is one of the highest GXI producers (10 000 U 1-l of culture broth) and possesses several novel features such as ability to grow on Co *+-deficient medium containing hemicellulose-rich agricultural wastes, alleviating the problem of health hazards related to Co'+ and dispensing the use of xylose as an inducer. Immobilization of the enzyme on an inexpensive anion exchange resin, Indion 48-R, facilitated its reuse and increased the thermostability [3] . As a part of our work on the structure-function relationship of GXI, we have shown that Streptomyces GXI possesses a single active site for isomerization of glucose and xylose [4] and distinct catalytic and cofactor binding strate [6] whereas carboxyl groups [7] participate in the metal binding site. Unfolding and refolding of the GXI revealed the occurrence of a molten-globule type intermediate in the folding pathway and indicated that the intact tertiary rather than secondary structure is important for the biological activity of the protein [8] . The K,,, of the enzyme for glucose is higher (200 mM) than that for xylose (4 mM). An alteration in substrate specificity would be desirable for the efficient catalysis by the enzyme in industrial processes. Recombinant DNA technology offers a means to isolate and manipulate the GXI gene to alter the thermostability and substrate specificity to suit its application in HFCS production.
As a prelude to protein engineering of GXI, the present paper reports the construction of a genomic library of Streptomyces sp. NCIM 2730 and identification of a DNA fragment containing the GXI gene.
Materials and methods

Bacterial strains and plusmids
Streptomyces sp. NCIM 2730 is an isolate of the National Chemical Laboratory, India and is maintained on MGYP (malt extract, 0.3%; glucose, 1%; yeast extract, 0.3%; and peptone, 0.5%) slants grown at 28°C. E. coli JM105 was grown on an LB plate at 37°C. E. coli recombinants were grown in LB or Mg supplemented with xylose (0.4%) at 37°C with shaking (200 rpm) for 16 h in the presence of ampicillin (100 pg ml-'). E. coli JC1553 was obtained from the E. coli Genetic Stock Center, USA. pUC8 was purchased from Pharmacia (Sweden).
Screening of genomic library
The genomic library of Streptomyces sp. NCIM 2730 was constructed as described earlier [9] . Streptomyces sp. NCIM 2730 was grown in YEME medium (yeast extract, 0.3%; malt extract, 0.3%; peptone, 0.5%; glucose, 1%; sucrose, 34%; glycine, 0.5%; and MgC12, 2.5 mM) at 28°C for 40 h and genomic DNA was extracted by the method of Kirby et al. [lo] . The partial BamHI digest of genomic DNA of Streptomyces sp. NCIM 2730 in the size range of 2-10 kb was obtained from a sucrose density gradient (1040%) and was ligated to BamHIrestricted and dephosphorylated pUC8 vector. The ligation mixture was used to transform the competent cells of E. coli JM105. An 18-mer mixed oligonucleotide probe (5'-GTCACGTTCCACGACGAC-3') corresponding to the highly conserved sequence of six amino acids of GXI in actinomycetes was synthesized, end-labelled with [y-32P]ATP using T-l polynucleotide kinase according to Ausubel et al. [l l] and used to screen the genomic library. Hybridization was carried out at 42°C for 24 h. The filters were washed three times at room temperature for 15 min in SXSSPE containing 0.1% SDS. Hybridization and washing were performed according to Sambrook et al.
[12].
Complementation assal>
The plasmids isolated from the putative GXI-positive clones were used to transform the competent cells of E. coli JC1553 which has a x$-7 lesion and is unable to utilize xylose as a sole carbon source. The complementation of the GXI gene in the mutant was monitored by plating out the transformation mixture on MacConkey agar plates containing xylose (0.4%) and ampicillin (100 pg ml-').
Analysis of the recombinant GXI
The recombinants were grown overnight in 100 ml of Mg medium containing xylose (0.4%) and ampicillin (100 pg mll'), in the presence and absence of isopropyl thiogalactopyranoside (IPTG) (1.6 mM) at 37°C for 24 h. Cells were harvested by centrifugation, suspended in sodium phosphate buffer (50 mM), pH 7.5 and lysed by sonication. The supernatant was heated at 60°C for 5 min. The GXI activity of the supernatant was determined at 70°C for 30 min according to the method of Dische and Borenfreund [13] as modified by Marshall and Kooi [14] . One unit of enzyme activity was defined as the amount of enzyme which produces 1 pmol of fructose per min under the assay conditions. Protein was estimated by the Bradford method [ 151.
Western blot analysis of recombinant GXI
The recombinants were grown overnight in Mg medium supplemented with xylose (0.4%) and ampicillin (100 pg ml-i). The cell pellet was resuspended in Tris-HCl buffer pH 7.5 (10 mM) and treated with lysozyme (0.5 mg ml-l) at 37°C for 15 min, and with DNase I (10 U ml-') at 30°C for 30 min. The samples were also treated with phenyl methylsulfonylfluoride (PMSF) (2 mM) to inactivate the proteases. SDS-PAGE analysis of the cell extract (10 ~tg protein per well) was carried out by Laemmli's method [16] . Western blotting was performed according to the method of Towbin et al. [17] . Polyclonal antibodies raised in rabbit against an electrophoretically homogeneous preparation of GXI from Streptomyces sp. NCIM 2730, as described earlier [18], were used for Western blotting of recombinant proteins.
Results and discussion
Construction and screening of the genomic library
The genomic library of Streptompces sp. NCIM 2730 represents 45% of the genome assuming an average insert size of 4 kb. Hybridization with the oligonucleotide probe at medium stringency yielded eight putative xylose-utilizing clones. One of them (pMSG27) showed maximum GXI activity and was studied further.
Restriction mapping of the insert
Hybridization of pMSG27 with the a-""P-labelled genomic DNA of Streptomyres sp. NCIM 2730 confirmed the origin of the insert to be from Streptomyces sp. NCIM 2730. Southern blotting of the restriction digests of pMSG27 and subsequent hybridization with cc-32P-labelled genomic DNA of Streptomyces sp. is shown in Fig. 1 .
Digestion of pMSG27 with BumHI showed a single fragment of 1.1 kb along with the linearized plasmid at 2.7 kb (Fig. la,b, lane 7) . SVZUI generated two sub-fragments of 0.65 kb and 0.2 kb (Fig. la,b , lane 6) suggesting that there are two internal sites for S~nal in the insert. Restriction of the plasmid with EcoRI gave rise to an intense band of 0.4 kb, probably corresponding to two fragments of the same size and showed the presence of part of the insert with the linearized vector (Fig. la,b , lane 5) indicating that there are two internal EcoRI sites in the insert. Restriction of pMSG27 with PvuII resulted in four fragments (Fig. la.b, lane 3 (Fig. la,b, lane 2) . Digesof pMSG27 with a combination of BgflI and Hind111 tion of pMSG27 with BgZII linearized the plasmid to showed that the BgflI site is located near the BamHI give a single band at 3.8 kb (Fig. la,b, lane 1) which site on the Hind111 side of the vector. There were no StWptOiTlJKeS S&I NCIM2730 xylose 11.6 U ml-' 3.8 mg ml-' 3.0 u mg-' E. coli JM105 and E. coli JC1553 containing pMSG27 were grown in 100 ml of My medium containing xylose (0.4%) and ampicillin (100 kg ml-'), in the absence or presence of IPTG (1.6 mM) for 24 h. The activity was released by sonication in sodium phosphate buffer (50 mM) pH 7.5 and estimated as described in Section 2. Streptomyces sp. NCIM 2730 was grown in Callen's medium containing xylose (lo/o), for 96 h and the intracellular activity was estimated as described [3] .
(i)
(ii) (iii) sites in the insert for &lmHI, I-lindIII, &A. PstI, ClaI, SphI, and SpeI (data not shown). Based on the above results the tentative restriction map of pMSG27 is shown in Fig. 2 .
Complementation ussa~
Transformation of the xylose isomerase-deficient mutant E. coli JC1553 with pMSG27 resulted in successful complementation of the .q$7 mutation. The GXI-positive colonies of E. coli JC1553 (pMSG27) appeared as red colonies as against the pale colonies of the mutant transformed with pUC8. 
Induction of' GXI gene
GXI
In order to discern the molecular size and the specificity of the recombinant GXI, Western blot analysis was carried out using the antibodies raised against the native GXI. The Western blot pattern of the recombinant GXI revealed positive signals at 110 kDa (Fig. 3) . This indicates that the glucoselxylose isomerase gene is expressed as a fusion protein and possibly as an aggregate. The lower activity of the recombinant GXI can also be attributed to improper folding of the fusion product.
Homologous cloning and overexpression of the
Streptomjves D-xylose
isomerase gene has been reported [19] . Although cloning in a homologous host is desirable for efficient expression and secretion of the cloned product, E, coli still remains the host of choice as the techniques for gene manipulation such as site-directed mutagenesis are readily available for this organism. Wong et al. have reported cloning of the b-xylose isomerase gene from StreptomJaces ruhiginosus in E. coli and the transformants were able to utilize b-xylose as sole carbon source [20] . Our results represent the first report on cloning and expression of the catalytically active recombinant GXI from Streptomyces in a heterologous host.
